Global climate change has the potential to dramatically alter multiple ecosystem processes, including herbivory. The development rates of both plants and insects are highly sensitive to temperature. Although considerable work has examined the effects of temperature on spring phenologies of plants and insects individually, few studies have examined how anticipated warming will influence their phenological synchrony. We applied elevated temperatures of 1.7 and 3.4°C in a controlled chamberless outdoor experiment in northeastern Minnesota, USA to examine the relative responses in onset of egg eclosion by forest tent caterpillar (Malacosoma disstria Hübner) and budbreak of two of its major host trees (trembling aspen, Populus tremuloides Michaux, and paper birch, Betula papyrifera Marshall). We superimposed four insect population sources and two overwintering regimes onto these treatments, and computed degree-day models. Timing of egg hatch varied among population source, overwintering location, and spring temperature regime. As expected, the development rates of plants and insects advanced under warmer conditions relative to ambient controls. However, budbreak advanced more than egg hatch. The degree of phenological synchrony between M. disstria and each host plant was differentially altered in response to warming. The interval by which birch budbreak preceded egg hatch nearly doubled from ambient to +1.7°C. In the case of aspen, the sequence changed from egg hatch preceding, to following, budbreak at +3.4°C. Additionally, under temperature regimes simulating future conditions, some insect populations currently south of our study sites became more synchronous with the manipulated hosts than did currently coexisting insect populations. These findings reveal how climate warming can alter insect-host plant interactions, through changes in phenological synchrony, possibly driving host shifts among tree species and genotypes. They also suggest how herbivore variability, both among populations and within individual egg masses, may provide opportunities for adaptation, especially in species that are highly mobile and polyphagous.
Introduction
One of the least understood consequences of climate change is how warming temperature will influence phenological synchrony between insect herbivores and their host plants (Ayres and Lombardero, 2000; Schwartzberg et al., 2014) . Phenological synchrony is particularly critical to leaf feeders, as the availability and suitability of newly developing foliage strongly influence their success (van Asch and Visser, 2007) , and the frequency and incidence of outbreaks (Volney and Fleming, 2000; Post and Forchhammer, 2002; Liebhold et al., 2004; Haukioja, 2005) . Altered plant-herbivore relationships are likewise of concern from the perspective of arthropod biodiversity (Parmesan and Yohe, 2003) .
Boreal forests comprise the largest remaining intact terrestrial biome, and store approximately 32% of the world's forest carbon stock (Pan et al., 2011) . In the southern boreal forest, mean annual temperatures have risen %1.5°C since 1940 (Bale et al., 2002; Battisti et al., 2005; Netherer and Schopf, 2010) and are expected to increase an additional 3-7°C in winter and 3-11°C in summer by 2100 (Kling et al., 2003) . Even slight increases in mean annual temperature may be critical along the current lower latitudinal limits of boreal ecosystems, potentially contributing to forest dieback and regime shifts (Olsson, 2010; Michaelian et al., 2011; Fisichelli et al., 2014; Reich et al., 2015) .
Development outside a relatively narrow phenological window can have severe fitness consequences for early spring folivores (Quiring, 1994; Lawrence et al., 1997; van Asch and Visser, 2007) . Larvae that hatch too late encounter tougher leaves, higher secondary metabolite concentrations, and decreased nitrogen and water concentrations, often resulting in longer development times (Hunter and Lechowicz, 1992; Lindroth and Hwang, 1996; Jamieson et al., 2015) . Hatching too early can result in starvation. The forest tent caterpillar (Malacosoma disstria Hübner), European gypsy moth (Lymantria dispar dispar Linnaeus), eastern spruce budworm (Choristoneura fumiferana Clemens), and jack pine budworm (Choristoneura pinus Freeman) provide examples of early season, eruptive defoliators, whose ranges overlap the ecotonal boundaries of the southern boreal forests in the Great Lakes region. These insects overwinter as pharate (1st instar within eggs) or 2nd instars, and begin feeding in synchrony with budbreak of their primary hosts (Parry et al., 1998) .
We currently lack information on how an additional factor, dispersal, will affect future regimes. Specifically, the much higher dispersal rates of insects relative to plants could create novel interactions between more southerly insect populations and extant tree populations in northern latitudes (IPCC, 2014) . Consequently, potential range expansions of lepidopteran folivores under warming temperatures may have important ramifications for their population dynamics (Hodson, 1941; Blais et al., 1955) .
M. disstria is a gregarious leaf-feeding insect that has a relatively broad host range and can cause severe defoliation of deciduous trees throughout much of Canada and the United States (Trudeau et al., 2010) . It extends from Nova Scotia to California, and northern Alberta to south Texas (Drooz, 1985) . Females oviposit all of their eggs in a single band encircling host twigs, from late June to early July. Egg masses range from 120 to 240 eggs in northern Minnesota (latitude 48°N) (Witter et al., 1975) . The number of eggs per band is influenced by female size (which is strongly affected by larval host quality), latitude, and population density (Ives, 1971; Witter et al., 1975; Smith and Goyer, 1986; Parry et al., 2001) . Larvae hatch in early April or May, undergo five instars of 7-10 days each, and pupate in early to late June. After 7-10 days, adults emerge, mate, and oviposit. Adults of both sexes are strong fliers, and can disperse up to 19 km a year (Evenden et al., 2015) . When assisted by turbulent cold air masses, some have been reported to fly hundreds of kilometers (Brown, 1965; Fullard and Napoleone, 2001) .
Two highly preferred hosts of M. disstria are trembling aspen (Populus tremuloides Michaux) and paper birch (Betula papyrifera Marshall). These are two of the most widely distributed trees in North America, extending from New England to the Pacific Northwest. Both are present in all Canadian provinces except Nunavut, and have isolated populations in high elevations extending to the southern United States (Howard, 1996) .
We investigated the effects of population source and temperature on the extent, timing, and duration of M. disstria egg hatch, and on phenological synchrony with trembling aspen and paper birch budbreak. Winter and spring temperatures were manipulated by moving egg masses, and artificially heating open-air outdoor experimental plots, respectively. Treatments mimicked anticipated temperatures within the region during the next 75-100 years (Kling et al., 2003; Wuebbles and Hayhoe, 2004) . The specific objectives were to (1) quantify the relative effects of increased temperature on timing of egg hatch by M. disstria populations collected along a latitudinal gradient, and (2) determine the effects of elevated temperatures, insect population source, and overwintering regime on the degree of phenological synchrony between insect egg hatch and host plant budbreak.
Methods

Experimental design
We measured egg hatch among four M. disstria populations that were subjected to three overwintering regimes and three spring temperature regimes applied in replicated plots at two sites. The two manipulated-treatment sites were in northeastern Minnesota along the ecotone boundary of southern boreal and northern temperate forests: Cloquet Forestry Center (CFC) near Cloquet, and Hubachek Wilderness Research Center (HWRC) near Ely (Fig. 1) . Temperature treatments were applied using an outdoor, open-air mesoscale experiment termed 'B4WarmED' (http://forestecology. cfans.umn.edu/ Research/B4WARMED), which, beginning in 2009, has simulated spring through autumn temperatures predicted from climate change models (see Reich et al., 2015 and Rich et al., 2015 for details) . This infrastructure includes replicated heated plots that incorporate juvenile stands containing two hosts, trembling aspen and paper birch, and eight other native tree species, all from local (northern Minnesota) sources. Underground heating coils (Danfoss GX, Devi A/B, Denmark) and aboveground ceramic lamps (Salamander Model FTE-1000, United States) simultaneously manipulate soil and plant surface temperatures.
Three temperature treatments were administered: ambient controls, +1.7°C above ambient, and +3.4°C above ambient. These temperatures were selected to bracket the anticipated warming in the region during the next 75-100 years. Each experimental ring (plot) received one temperature treatment. There were six opencanopy rings per block, and three blocks per site, totaling 18 rings per site. Each block contained two rings per treatment, providing a total of 12 replicates per treatment across the two sites.
Experimental rings were 3 m in diameter. Heated rings had six ceramic lamps to administer +1.7°C and eight lamps to administer +3.4°C, evenly distributed around the perimeter. Control plots had 3 similarly distributed mock lamps. In 2012, temperature treatments commenced on 21 March in Cloquet and 27 March in Ely, and continued for approximately 8 months. Each ring contained a thermal sensor that recorded aboveground temperature every 15 minutes.
Insect populations
M. disstria egg masses were collected in the fall of 2011 from naturally occurring populations in four regions across a latitudinal gradient (Fig. 1 0 8.55 00 W). The number of egg bands ranged from 400 at Mille Lacs Lake to 100 at Prairie du Chien. Each egg band was inspected thoroughly, and those that were damaged, had many eggs missing, or were deformed were discarded. Healthy egg bands were tabulated for total numbers of eggs, missing eggs, and hatched eggs, and the assignment of each is in Uelmen, 2014: App. 2 and 3B. Among the remaining healthy egg bands used, 52 had some missing eggs (mean = 2.28). The egg bands were sterilized by applying an aqueous solution of 1% Tween-20 and 5% bleach.
Partitioning and enclosure of overwintering egg bands
To account for the potential influence of winter environment on how egg bands respond to degree-day accumulation in the spring, and to test whether populations might differ in this regard, we also administered three overwintering regimes. In early December, half (36 per population, 144 total) of the egg bands were brought to Madison, WI, and half were taken immediately to the B4WarmED sites, distributed evenly between Cloquet and Ely (Fig. 1) . Egg bands were stored outdoors in mesh bags 152 cm above the ground.
In mid-March, just prior to initiation of annual warming treatments, the 144 egg bands that had overwintered in Madison were taken to the B4WarmED sites (72 each to Cloquet, Ely). At this time, all egg bands were placed in individual 7.5 Â 12.5 cm mesh sleeves. Sleeves were fastened with binder clips, and suspended from 183 cm tall poles on a 60 cm radius rebar tie wire arm in the center of the experimental plot. Each of the 36 experimental plots contained 8 M. disstria egg bands: 1 per overwintering treatment (B4WarmED site vs. Madison) per population.
Assessment of insect and plant phenology
Once egg bands were in their respective experimental plots, they were monitored daily. It was typical for a few larvae to hatch 1-2 days before the remainder of the clutch, potentially skewing the results, so the time at which 50 eggs had hatched was designated as the date of hatch for each egg band. Observations on each egg band continued until 5 days after the last observed hatch. The duration of egg hatch was designated as the interval between when the first 50 and final larvae emerged. Two aspen and two birch trees per plot were evaluated daily for budbreak phenology. We defined budbreak as the time when leaf tips became visible (Schwartzberg et al., 2014) .
Statistical analyses
We evaluated the effects of manipulated temperature, overwintering regime, hatch site, and population source on the timing and duration of egg hatch by M. disstria, and the effects of manipulated temperature and site on budbreak by trembling aspen and paper birch. We also assessed phenological synchrony by calculating the difference between M. disstria hatch and host plant budbreak dates within the same temperature conditions. We used discrete analyses to characterize and quantify all sources of variation, and continuous analyses to integrate and expand the generality of results across a common temperature scale using the full power of the within-ring temperature recordings (15 min intervals). Further, continuous models based on mean ring temperature allow us to model response differences between insects and plants, while continuous accumulated degree-day models facilitate comparison with other systems.
In the discrete models, we used a split-plot nested experimental design. Temperature was analyzed as three categorical treatments (ambient, +1.7°C and +3.4°C) across both hatch sites. The main factors were site, population source, and overwintering regime, unless otherwise stated. The formal hypothesis and model structure of egg hatch success, onset, and duration are located in SUPPLEMENTAL TEXT (Equation 1). In the continuous models, the temperature measured within each ring (N = 36) was treated as a continuous variable across both sites. These provide a common temperature scale derived from plot-specific data, and also account for the latitudinal difference between Cloquet and Ely. We used both mean ring temperature and accumulated degree-days. The mean ring temperature models allow us to calculate the intervals, in days, between budbreak and egg hatch. The accumulated degree-days model allows for the same types of comparisons but does not require averaging over a season.
Regression models were used to determine the relationships of date of egg hatch to mean ring temperature, and proportion of hatch to accumulated degree-days. We analyzed host plant budbreak with a balanced two-way analysis of variance (SUPPLEMEN-TAL TEXT, Equation 2).
Regression models assessed the relationships between day of budbreak and mean ring temperature. Site was retained as a factor for plants because local conditions (i.e., soil) could potentially influence budbreak, in contrast to egg masses in mesh bags suspended from poles. Specific procedures for incorporating mean ring temperature and accumulated degree-days into continuous models are provided in the SUPPLEMENTAL TEXT (Equation 3).
An analysis of covariance was used to assess the influence of increased temperature on phenological synchrony between M. disstria and host plant budbreak. Regression models were used to determine the relationships between the differences in phenological events (egg hatch to birch/aspen budbreak) and temperature (SUPPLEMENTAL TEXT, Equation 4).
Statistical analyses were performed using Proc GLM, Proc MIXED (general linearized models) and Proc REG (regression) in SAS 9.3 and JMP 11.0.0 (SAS Institute Inc., Cary, NC). Results are reported (type III error) with corresponding P values of 60.05 as 'significant' and 0.05 < P 6 0.10 as 'marginally significant'.
Results
Overwintering survival of forest tent caterpillar eggs
The proportion of eggs that hatched was uniformly high, with an overall mean of 81.5% (SE = 0.83%) and an overall median of 84.5% (N = 284) (Table S1A ). There were no significant effects of population source, overwintering regime, site, or experimentally manipulated temperature on egg hatch success (Table S1B ). There was a marginally significant tendency for lower egg hatch at Ely than Cloquet (79.7% vs. 83.3%; P = 0.055). Five egg bands showed very few or no insect hatch, and were discarded. Detailed information on the total numbers of hatched and unhatched eggs in each band, and the treatment to which each band was assigned, are tabulated by Uelmen, 2014: App. 2 and 3B.
Timing of forest tent caterpillar egg hatch
The timing of M. disstria egg hatch was strongly influenced by hatch site, temperature treatment, overwintering location, and population source (Table 1 ). There were no significant interactions. Overall, egg hatch ranged from 11 April to 8 May among all treatments, with a grand mean of 28 April (SE = 0.4 days) (Fig. 2) , and a median of 1 May (N = 141). The median dates of egg hatch show similar relationships, with second quartiles ranging from 17 April to 6 May (Fig. S1 ).
As expected, hatch occurred first among egg bands exposed to +3.4°C, then +1.7°C, then ambient conditions. Across all populations, overwintering regimes, and hatch sites, mean egg hatch at +3.4°C occurred an average of 2.5 days before those at +1.7°C, which were 4 days before those at ambient temperatures. When Table 1 Results of ANOVA, relating the onset and duration (see Fig. 4 ) of hatch of M. disstria egg bands under manipulated temperature regimes. A bolded value denotes significant factor at P 6 0.05 (N = 288 egg bands). populations and overwintering locations were pooled, egg hatch occurred earlier at Cloquet than Ely by 2 days at ambient temperature and +1.7°C, and by 5 days at +3.4°C. There was a general trend for egg bands collected from southern populations to hatch before those from northern populations, but this pattern was not absolute. Overall, insects that overwintered in northeastern Minnesota hatched 3 days later than those that overwintered at the lower latitude, Madison, when all other factors were pooled. Continuous models for mean ring temperature and accumulated degree-days likewise indicated a strong response of M. disstria egg hatch date to temperature (Table 2) . Population source had a significant effect on egg hatch, for both locally overwintered egg masses and those overwintered in Madison, in the model based on mean ring temperature. Population had a significant effect on egg hatch on egg masses that overwintered in Madison in the accumulated degree-day model. Interactions were not analyzed, as they largely comprised the random effects ANCOVA model error. The r 2 values were substantially higher in the accumulated degree-day than mean ring temperature models. In mean ring temperature analyses, egg masses that overwintered in Madison (mean date = 26 April, SE = 0.4; median date = 01 May; N = 143) hatched earlier than locally overwintered egg masses (mean date = 28 April, SE = 0.5; median date = 26 April; N = 141) by 2.5 days. The slopes of insect development versus temperature were similar between Madison and locally overwintered eggs in both the mean ring temperature (Fig. 3A) and accumulated degree-day (Fig. 3B) continuous models.
The hatch order of egg masses from various populations differed among wintering sites in the continuous models based on mean ring temperature. However, the order in which the end of hatching occurred among populations was not affected by wintering site. In the continuous models based on accumulated degree-days, populations under both wintering regimes had the same initial and end of hatch orders (Uelmen, 2014: Fig. S4 ). As in the other analyses, r 2 values in the models employing accumulated degree-days were higher than those employing mean ring temperatures.
Duration of forest tent caterpillar egg hatch
Overall, the duration of egg hatch within a band averaged 5.0 (SE = 0.2) days, with a median of 5.0 days (N = 141). The duration of egg hatch was strongly influenced by treatment site, overwintering location, and population source (Table 1) . Temperature Table 2 Results of ANCOVA relating the onset of egg hatch to mean ring temperature (A) and the proportion cumulative hatch to accumulated degree-days (B) for M. disstria. Coefficient values ''a" (slope), ''b" (intercept), and r 2 (correlation) comprise the linear values. A bolded value denotes significant factor at P 6 0. treatment did not affect hatch duration, and there were no significant interactions among factors. The mean duration of egg hatch ranged from 3.7 days (Mille Lacs Lake population, locally overwintered, Ely, +1.7°C) to 8.7 days (Baraboo, Madison overwintered, Cloquet, +1.7°C) (Fig. 4) . Egg bands that overwintered in Ely had the shortest duration of egg hatch (mean days = 4.6, SE = 0.2; median days = 4.0; N = 70), followed by Cloquet (mean days = 5.3, SE = 0.2; median days = 6.0; N = 71) and Madison (mean days = 5.9, SE = 0.2; median days = 6.0; N = 142). The onset and duration of egg hatch were inversely related (Fig. 5) . Populations whose eggs hatched sooner also exhibited longer hatch durations. For example, egg masses that started to hatch on 12 April had an average hatch duration of 16 days, compared with egg masses that started to hatch on 04 May, which averaged 2 days. Populations from Baraboo and Mille Lacs Lake had the earliest egg hatches, but they also had the longest mean hatch durations (6.5 and 5.5 days, respectfully). The two latest hatching populations, Bemidji and Prairie du Chien, had the shortest mean durations of hatch (5 and 4.8 days, respectfully). Insect populations demonstrated higher variability in hatch durations in the accumulated degree-day model than in the day of hatch model. For both mean ring temperature and accumulated degree-day continuous models, Baraboo eggs were the first to complete hatching, but exhibited the greatest variability in hatch duration (11 days for degree-days and 6.5 days for mean ring temperature). Mille Lacs Lake eggs experienced the next highest variability in hatch duration, followed by Bemidji, and concluding with Prairie du Chien.
Budbreak phenology of trembling aspen and paper birch
The onset of budbreak by both aspen (grand mean = 25 April, SE = 1.0 days; median = 25 April; N = 68) and birch (grand mean = 19 April, SE = 0.9 days; median = 16 April; N = 69) were strongly influenced by temperature treatment (discrete analysis; Table 3 ). Site was a significant factor for aspen budbreak (P < 0.001) and marginally significant for birch budbreak Fig. 4 . Mean duration of hatch of M. disstria egg bands subjected to three controlled spring temperature regimes and three overwintering regimes, 2012. Differences among sites, overwintering treatments, and populations of M. disstria are statistically significant (ANOVA, df = 27, P = 0.001). Temperature treatment was not significant (±1 standard error). Statistics are provided in Table 1 . (P = 0.087). As expected, warmer experimental temperatures advanced host plant budbreak, which occurred first at +3.4°C, then at +1.7°C, then at ambient (Fig. 6) . Also as expected, aspen budbreak occurred earlier in Cloquet than Ely. However, birch showed a marginally significant opposite trend, breaking bud earlier at Ely. Overall, budbreak occurred over 35 days for aspen (7 April to 12 May) and 30 days for birch (9 April to 9 May), among all treatments. As temperatures increased, the interval between mean budbreak by these two tree species decreased. Birch budbreak occurred an average of ten days earlier than aspen budbreak at ambient temperatures, seven days earlier at +1.7°C, and five days earlier at +3.4°C. Mean and median host plant budbreak showed the same trend (Uelmen, 2014: Fig. 6 and Table S3 ).
Increases in mean ring temperature likewise advanced estimates of budbreak by both aspen and birch (continuous analysis; Table 3 ). Site had a significant effect on aspen budbreak, but not on birch budbreak. The date of aspen budbreak and birch budbreak each showed negative linear relationships with increasing mean ring temperatures (r 2 = 0.38 and 0.27, respectively). Birch broke bud 10 days earlier than aspen at ambient conditions, but this difference decreased to 5 days under the warmest simulated temperature conditions. Aspen responded more strongly to temperature increases than did birch (slopes = À3.6 and À2.7, respectively), and their phenologies converged. Accumulating degree-days also advanced budbreak in both aspen and birch (Table 3B) , although site was not a significant factor for either species. Aspen and birch budbreak each showed stronger positive linear relationships (r 2 = 0.69 and 0.67, respectively) than in the mean ring temperature continuous model.
Structuring of phenological synchrony by insect population source, tree species and temperature
Manipulated spring temperatures advanced the timing of insect egg hatch and host plant budbreak, but the interval between budbreak and egg hatch differed between the two host plants and across temperature regimes. At ambient temperatures, aspen budbreak occurred later than M. disstria egg hatch, but slightly earlier than egg hatch at +1.7°C, and preceded egg hatch by even more at +3.4°C (Fig. 7) . In contrast, birch budbreak occurred earlier than M. disstria egg hatch at all temperature regimes, and the interval between budbreak and egg hatch increased with increasing temperatures (Fig. 7) .
With all factors pooled at ambient temperatures, mean birch budbreak occurred 5.5 days before mean egg hatch, and 9 days before mean aspen budbreak. At +1.7°C, birch budbreak advanced to 10 days before egg hatch, but decreased to 7 days before aspen budbreak. At +3.4°C, the interval between birch budbreak and egg hatch remained the same. However, aspen was only 5 days behind birch budbreak at the warmest temperatures. With all Table 3 Results of discrete (A) (see Fig. 6 ) and continuous (B) models of aspen and birch budbreak in response to manipulated early spring temperatures. A bolded value denotes significant factor at P 6 0.05 (N = 68 for aspen, 69 for birch). Fig. 6 . Mean date of budbreak among birch and aspen trees subjected to three temperature regimes at the B4WarmED sites, Spring 2012. Birch budbreak advanced earlier with warming temperatures (site was moderately significant) (ANOVA, df = 5, P < 0.001). Aspen budbreak advanced earlier with both warming temperatures, and varied between sites (ANOVA, df = 5, P < 0.001) (±1 standard error). Statistics are provided in Table 3A .
factors pooled at ambient temperatures, mean aspen budbreak occurred 3.5 days after mean egg hatch, at +1.7°C, aspen budbreak was 3 days before egg hatch, and at +3.4°C, aspen budbreak was 4.5 days before egg hatch. Both insect egg hatch and aspen budbreak occurred earlier at Cloquet than Ely, consistent with a latitudinal effect. Host plant budbreak advanced more rapidly than insect egg hatch when subjected to increasing temperatures, with birch budbreak occurring earlier than aspen.
Comparisons of insect vs. host response based on mean ring temperatures and accumulated degree-days
Continuous models of analysis (both mean ring temperature and accumulated degree-day models) indicated strong temperature effects on the phenological relationship between M. disstria egg hatch and host plant budbreak (Table 4) . Accumulated degree-days revealed strong responses between egg hatch and both host plant budbreak and mean ring temperature, indicating a strong response between egg hatch and aspen budbreak, but not birch budbreak. Population source did not affect this interval for either continuous temperature model. Interactions were not analyzed under the ANCOVA model, as the error consisted largely of random effects.
Both continuous models indicated that host plant budbreak responded more strongly than M. disstria egg hatch to high temperatures, altering phenological synchrony ( With the exception of aspen budbreak under ambient mean ring temperatures, host plant budbreak occurred earlier than M. disstria egg hatch at all temperatures. Birch broke bud 3 degree-days before mean egg hatch, or 5 days under ambient mean ring temperatures, and 12.5 degree-days, or 12 days under the warmest simulated temperatures. Aspen broke bud 3 degree-days, or 7.5 days, after mean egg hatch, as manipulated by mean ring temperatures, and 4.5 degree-days, or 5 days under the warmest simulated temperatures (Fig. 8B) . M. disstria population-specific synchrony data are in Fig. S2 .
Both continuous models adequately explained host plant budbreak, insect egg hatch, and the phenological relationship between the two. The accumulated degree-day model provided a better goodness-of-fit, as indicated by stronger correlation coefficient values (Table 2 ). This is also true for host plant budbreak (Table 3) . Overall, the phenological relationship between M. disstria egg hatch and host plant budbreak is better explained by the accumulated degree-day model, as indicated by the more consistently significant p-values (Table 4 ) when compared with mean ring temperature.
Discussion
We quantified how winter temperatures, spring temperatures, and insect population source influence development rates by an early-season herbivore, effects of spring temperatures on budbreak of two host tree species, and how anticipated climate may influence their phenological synchrony. As expected, experimental warming treatments that simulate predicted temperatures over the next 75-100 years advanced both host plant budbreak and insect egg hatch. However, host plants generally showed greater advances. At ambient temperatures, average egg hatch occurred shortly before, concurrently with, or shortly after, host budbreak depending on plant species, in agreement with prior work (Gray and Ostaff, 2012; Parry et al., 1998; Schwartzberg et al., 2014) . As temperatures increased, the relative phenologies shifted in the direction of more rapid plant than insect advance. This increased the interval between egg hatch and budbreak in relationships where plants currently become active first, and decreased and even changed the sequence in relationships where insects currently become active first. Some other systems have shown the opposite trend (Hunter and Elkinton, 2000; Parmesan, 2007) , further illustrating the complexity of trophic responses to climate change. Several key processes, which operate at multiple spatiotemporal scales, will determine how changes in phenological synchrony will influence the stability of plant-insect interactions. At the scale of individuals, advances in budbreak relative to egg hatch typically lower insect performance due to poor nutritional quality and prolonged exposure to predators (Parry et al., 1998; Jones and Despland, 2006; Jamieson et al., 2015) . This could be particularly harmful to neonates feeding on birch, as they would encounter substantially more mature foliage. At a regional scale, M. disstria might compensate through dispersal: more southern populations might advance northward within the lifespan of individual trees, restoring prior temporal relationships between egg hatch and budbreak. This prospect is supported by the strong flight abilities of M. disstria (Brown, 1965) , the orders-of-magnitude difference in their generation time relative to their host trees, the variation in degreeday responses among populations across latitudes within dispersal range during the time frame being simulated, and the coldhardiness of eggs from southern populations that would be oviposited by females that dispersed northward (Peltonen et al., 2002) . On a larger temporal scale, local populations of M. disstria might adapt to altered phenologies of their major host plants. This would require selection against individuals that hatched too late, which seems reasonable given the high degree of phenological synchrony in current populations (van Asch et al., 2013) . Also, our data show high variation within populations and substantial variation within individual egg masses, both of which would facilitate local genetic adaptation. Additionally, the duration of hatch within an egg mass spans some of the plant phenological shifts we observed and also increases with warming temperatures, further providing opportunities for the insect to respond with adaptive genetic shifts.
At a finer spatial scale, oviposition on or larval movement to later-developing plants could influence performance of current M. disstria populations in a warmed climate (Gray and Ostaff, 2012) . Numerous later-developing species in this region, such as red oak (Quercus rubra L.), cherry (Prunus spp.), and ash (Fraxinus spp.), are suitable hosts. Some alternative tree species would shift from a less synchronous to a more synchronous relationship with this polyphagous herbivore. Also, aspen shows strong variation in budbreak among clones, so some genotypes might become more synchronous than currently. This raises the possibility that genotypes that currently avoid herbivory through late budbreak may be less well chemically defended, due to trade-offs arising from metabolic costs (Herms and Mattson, 1992; Osier and Lindroth, 2006) , and hence become more susceptible with changing climate. Possibly slowing local adaptation is M. disstria's behavior of usually confining feeding to a single tree (Despland and Noseworthy, 2006) , and the relatively short distance of early instar ballooning.
This study demonstrates asynchronous responses between insects and host plants in response to warming temperatures. These changes might favor the host plants. However, M. disstria appears to have multiple opportunities for adaptation, including switching to alternative host species, switching to more latedeveloping genotypes, local genetic shifts facilitated by substantial variation among eggs within individual masses, and migration by populations having different degree-day responses. Overall, this research provides realistic mesoscale examples for understanding and predicting responses to climate warming, and for understanding and predicting shifts in trophic interactions arising from climate change. Table 2 for M. disstria and Table 3 for host plants. project assistantship, the Minnesota Department of Natural Resources, the University of Minnesota College of Food, Agricultural, and Natural Resources Sciences and the UM Wilderness Research Foundation. Reviews by two anonymous reviewers substantially improved this paper.
